Background: Immediate angiography is warranted in pelvic trauma patients with suspected arterial injury (AI) in order to stop ongoing bleeding. Prior to angiography, plain pelvic radiography (PPR) and abdominopelvic computer tomography (CT) are performed to identify fracture and hematoma sites. Purpose: To investigate if PPR and CT can identify the location of AI in trauma patients undergoing angiography. Material and Methods: 95 patients with pelvic fractures on PPR (29 women, 66 men), at a mean age of 44 (9-92) years, underwent pelvic angiography for suspected AI. Fifty-six of them underwent CT additionally. Right and left anterior and posterior fractures on PPR were registered, and fracture displacement was recorded for each quadrant. Arterial blush on CT was registered, and the size of the hematoma in each region was measured in cm 2 . AIs were registered for anterior and posterior segments of both internal iliac arteries. Presence of fractures, arterial blush, and hematomas were correlated with AI. Results: Presence of fracture in the corresponding skeletal segment on PPR showed sensitivity and specifi city of 0.86 and 0.58 posteriorly, and 0.87 and 0.44 anteriorly. The area under the curve (AUC) was 0.77 and 0.69, respectively. Fracture displacement on PPR >0.9 cm posteriorly and >1.9 cm anteriorly revealed specifi city of 0.84. Sensitivities of arterial blush and hematoma on CT were 0.38 and 0.82 posteriorly, and 0.24 and 0.82 anteriorly. The specifi cities were 0.96 and 0.58 posteriorly, and 0.79 and 0.53 anteriorly, respectively. For hematomas, the AUC was 0.79 posteriorly and 0.75 anteriorly. Size of hematoma >22 cm 2 posteriorly and >29 cm 2 anteriorly revealed specifi city of 0.85 and 0.86, respectively. Conclusion: CT fi ndings of arterial blush and hematoma predicted site of arterial bleeding on pelvic angiography. Also, PPR predicted the site of bleeding using location of fracture and size of displacement. In the hemodynamically unstable patient, PPR may contribute equally to effective assessment of injured arteries.
Trauma patients with severe pelvic fractures are often hemodynamically compromised and have a high mortality, ranging from 15-37% (1-3). Pelvic bleeding contributes to a signifi cant number of deaths in this patient group (4) (5) (6) . Rapid control of hemorrhage is therefore mandatory in order to improve survival in patients with pelvic bleeding. Furthermore, unlike other patients with hemorrhage, trauma patients tend to have multiple injuries (6, 7), and effi cient diagnostic tools are crucial for handling life-threatening injuries.
In the primary survey of the trauma patient, pelvic plain radiograph (PPR) is one of two important radiography adjuncts in the acute management of the trauma patient with multiorgan injuries, as recommended by the Advanced Trauma Life Support (ATLS) (8) . PPR is particularly useful in the hemodynamically unstable patient for identifying unstable pelvic fractures (9, 10) . Pelvic bleeding due to fracture oozing or venous bleeding may be controlled by stabilization of the pelvis with a pelvic binder that is wrapped around the pelvis at the level of the major trochanters as a form of rapid stabilization (8, 11, 12) . However, patients with suspected arterial bleeding who do not sufficiently respond to temporary stabilization should undergo surgical stabilization or pelvic angiography (4, 8) .
The goal for all interventional procedures is to stop any ongoing bleeding and to prevent potential bleeding or rebleeding from injured arteries. Angiography has been shown to be effective in the control of pelvic arterial bleeding, but may be time consuming (12) (13) (14) . Therefore, a targeted angiographic procedure would be needed. In order to expedite the angiographic procedure, assessment of puncture side and prediction of location of possible arterial injury (AI) would be helpful. This includes the location of pelvic fractures on PPR and, with computer tomography (CT), the location of arterial blush or hematoma.
CT is extremely helpful in selecting embolization candidates, but should only be performed in hemodynamically stabilized patients (15) (16) (17) . Although PPR is less reliable than CT for diagnosing and characterizing fractures (9, 18) , in unstable patients, PPR is often the only diagnostic tool for pelvic injuries, prior to packing of the pelvis (19) and/or to angiography. The aim of our study was to investigate if PPR and CT could equally help in predicting the location of AI in patients with suspected pelvic arterial bleeding. This knowledge may be important in order to more rapidly gain control of arterial bleeding by arterial embolization, thereby increasing the possibility of survival in patients with pelvic hemorrhage.
Material and Methods

Patient data
From January 1995 to December 2007, approximately 1960 trauma patients with high-or low-energy pelvic ring injuries were admitted to our hospital. All patients routinely received chest plain fi lm and PPR at admission, as recommended in the guidelines of ATLS (8) . In 101 patients, pelvic angiography was performed because of suspected arterial injury. After excluding six patients with incomplete clinical data, the fi nal study group consisted of 95 consecutive patients with suspected pelvic artery injury who underwent both PPR and pelvic angiography.
The decision to perform angiography was based on our institutional protocol, similar to protocols used at other major trauma centers (12-14, 20, 21) . Briefly, hemodynamically compromised patients with treated or excluded extrapelvic bleeding source who required ≥6 units of packed red blood cells (RBC, 1 unit = 300 ml) within 24 hours of the accident were admitted to emergency angiography. Also, hemodynamically stable patients who presented with signs of protracted bleeding, necessitating ≥4 units of packed RBCs over a 24-hour period following injury, were admitted to delayed angiography.
Demographic and clinical data were registered from the institutional trauma database and from patient records. The injuries were scored by an approved trauma registrar according to the Abbreviated Injury Severity Scale (AIS) and the Injury Severity Score (ISS) (22, 23) . The AIS scores for injury severity of single anatomic regions, whereas the ISS provides an overall score for trauma patients with multiple injuries. The ISS uses the highest AIS of the three most severely injured body regions and takes values from 0 to 75. It correlates linearly with mortality, morbidity, and hospital stay. Patients with an ISS >15 are generally considered severely injured.
There were 29 women and 66 men, with a mean age of 44 years (range 6-92 years). Median ISS was 38 (range 5-75). The mechanism of injury was car occupant (n=31 patients), fall (n=25), pedestrian (n=17), motorcyclist (n=14), and others (n=8). Admission systolic blood pressure was 97±3 mmHg, hemoglobin (Hgb) level 10.1±0.3 g/dl, and heart rate 106±3 beats per minute (bpm). Fifty-nine patients (62%) were hemodynamically unstable at admission, defined with systolic blood pressure <90 mmHg, base deficit >8, or heart rate ≥130 bpm. Extraperitoneal pelvic packing (19) was performed prior to angiography in 32 patients. Fifteen patients died within 30 days after admission (16%), six of them because of uncontrollable bleeding (6%).
Admission pelvic radiograph
The PPR was obtained in the resuscitation room with the patient in a supine position. In case of incomplete coverage of the pelvic bones, a second PPR was taken immediately afterward. All PPRs were reviewed by an experienced trauma radiologist (JD) and a pelvic orthopedic surgeon (AT) in consensus. Pelvic ring injuries were classifi ed according to the Orthopaedic Trauma Association (OTA 1996) (24). There were 11 patients with A-fractures, 45 patients with B-fractures, and 30 patients with C-fractures. Three patients had isolated acetabular fractures, and in six patients the fracture could not be classifi ed due to missing radiological information. Unstable pelvic fractures, as defi ned by O'NEILL et al. and CRYER et al. (13, 25) , were present in 55 patients. A virtual line drawn across the pelvic inlet diameter divided the pelvis into two right and two left quadrants with possible fracture location, i.e., the right anterior quadrant, the right posterior quadrant, the left anterior quadrant, and the left posterior quadrant (26). The sum of all fracture displacements in each quadrant was registered. A fracture on PPR in one quadrant was defi ned as a truepositive fi nding when angiography revealed AI in the corresponding vascular segment. The fi nding was also registered as true positive when fractures on one side occurred simultaneously to ipsilateral AI at angiography. Fractures or dislocations at the sacroiliac joint, and fractures of the iliac wing and the sacrum were registered as fractures of the posterior pelvis. Fractures of the iliopectineal line, the inferior and superior obturator ring, and symphysiolysis were registered as fractures of the anterior pelvis. The readers were blinded to the angiographic fi ndings.
Pelvic CT
Pelvic CT prior to angiography was performed in 64 patients. CT studies were lost in three patients, and fi ve CT studies were excluded because no intravenous contrast material was given. Forty-seven digitally stored CT studies and nine hardcopy studies were reviewed. A high-speed two-slice scanner or LightSpeed fourslice scanner (GE Healthcare, Milwaukee, Wisc., USA) was used in 54 patients. Two patients were examined with a single-slice CT: a Tomoscan M (Philips Medical Systems, Best, The Netherlands) and a Sytec/SRI (GE Healthcare, Milwaukee, Wisc., USA). The reconstructed slice thickness was between 3 and 10 mm. A bolus of 100-150 ml Omnipaque (iohexol 300; GE Healthcare, Princeton, N.J., USA) or Ultravist (iopromide 240 or 300; Bayer Schering Pharma, Berlin, Germany) was administered at a rate of 2-5 ml/s, and image acquisition of the pelvis was performed after 70 s. The studies were reviewed on axial images for arterial blush and hematoma as indicators of AIs. Arterial blush was noted when a local or diffuse area of high attenuation was seen on axial images (27). A hematoma was defi ned as an abnormal soft-tissue mass (24). The size of a hematoma was measured as the largest area in cm 2 on the axial image, using the ellipsoid formula (a=πd 1 d 2 /4). In case of diffuse muscle infi ltration, the corresponding contralateral muscle area was measured and subtracted from the infi ltrated area. Findings were recorded at three levels (28). The gluteal area, the presacral space, and the pelvic sidewalls were reviewed at level 1 from the iliac crest to the acetabular roof ( Fig. 1 ), and at level 2 from the acetabular roof to the lower part of the femoral neck. At level 2, the rectal sheath was also evaluated. At level 3, extending from the lower part of the femoral neck to the symphysis, these fi ndings were registered laterally and medially to the obturator ring. Finally, the ischiorectal fossa was separately reviewed. Thus, the total number of areas with potential hemorrhages was 18 in each patient. The posterior areas were the pelvic sidewall space at level 1 and the gluteal and presacral spaces at levels 1 and 2. The anterior areas were the pelvic sidewall space at level 2, the rectal sheath, the obturator area, and the ischiorectal fossa.
Angiography and embolization
Flush angiograms of the lower abdominal aorta and pelvis were performed with a catheter in the distal abdominal aorta. Selective angiograms were performed of the right and left internal iliac arteries (IIA). When AI was suspected, superselective catheterization was performed with 4-5F catheters or microcatheters. Angiographic criteria for AI included extravasation of contrast, pseudoaneurysm, spasm, intima tear, and occluded arterial branch. Extravasation, intima tear, and pseudoaneurysm were criteria for embolization. In case of spasms or occlusion, the decision to embolize was based on interdisciplinary consensus between the interventionalist and the trauma team leader. The embolization procedure aimed to occlude the injured artery as peripheral as possible. Coils and gelatin sponge particles were used for occlusion (12).
The angiographic images were reviewed off-line in the PACS system (Syngo Imaging; Siemens Medical Solutions, Erlangen, Germany) by one radiologist (J.D.). In cases of uncertainty of the location or the type of injury, an interventional radiologist (IR) was consulted (N.K.) for consensus reading. To correlate the AIs to the findings on PPR and CT, the locations of AI were recorded in the four segments right posterior, right anterior, left posterior, and left anterior.
Statistical analysis
Patient data were registered with Microsoft Excel version 7.0 software (Microsoft, Redmond, Wash., USA), and all statistical analysis was performed with SPSS version 16.0 for Windows (SPSS Inc., Chicago, Ill., USA). Continuous data were expressed as mean ± standard deviation (SD), if not otherwise indicated. Categorical data were expressed in numbers and percent, and compared using Fisher's exact test. Sensitivity, specifi city, and predictive values were calculated for presence and absence of any fracture in one quadrant at PPR, and for presence and absence of hematoma and arterial blush in the four areas on CT. Receiver operating curve (ROC) analysis was performed for the sum of fracture displacements in each quadrant and for the calculated hematoma area in each predefi ned CT area. Cut-off levels for fracture displacement and size of hematoma were calculated for a specifi city of 0.85. The signifi cance level was set at 5%. The study was approved by the region ethics committee. Informed consent was omitted because of the retrospective character of the study.
Results
In 82 patients (86%), angiography revealed AI. One AI was found in 47 patients (49%), unilaterally multiple AIs were found in 15 patients (16%), and bilaterally multiple AIs were found in 20 patients (21%). The angiographic fi ndings in 132 AIs are shown in Table 1 .
Angiographic evaluation was possible in 377 out of 380 vascular segments. In two patients, three anterior segments were not evaluated because the posterior trunk of the IIA was occluded. (Table 2) Of 116 vascular segments (31%) with AIs, 62 were located in the posterior segments (53%) and 54 in the anterior segments (47%). There was a total number of 228 quadrants with one or multiple fractures (61%), 107 located posteriorly (47%) and 121 located anteriorly (53%). The mean sum of fracture displacements was 1.0 cm (range 0-5.5 cm) in the posterior quadrants and 1.6 cm (range 0-7 cm) in the anterior quadrants. Sensitivity of fracture on PPR for AIs in the corresponding segment was 0.86 (95% confi dence interval [CI] 0.77-0.94) posteriorly and 0.87 (95% CI 0.78-0.96) anteriorly. Specifi city of fracture on PPR was 0.58 (95% CI 0.49-0.66) posteriorly and 0.44 (95% CI 0.36-0.53) anteriorly. For fracture in one quadrant, ROC analysis was performed with AI as the dependent variable. The AUC was 0.77 (95% CI 0.70-0.84) for posterior fractures ( Fig. 2A ) and 0.69 (95% CI 0.61-0.77) for anterior fractures (Fig. 2B ).
Segment location of AIs related to PPR fi ndings
Segment location of AI related to CT fi ndings (Table 2)
In the 56 patients with contrast-enhanced CT prior to angiography, AI was seen at angiography in 67/224 vascular segments: 34 AIs (51%) were located in the posterior and 33 AIs (49%) in the anterior segments. Arterial blush was seen on CT in 41 areas (18%), 16 posteriorly (39%) and 25 anteriorly (61%). Hematoma on CT was seen in 125 areas (56%), 61 posteriorly (49%) and 64 anteriorly (51%). The mean size of posterior hematomas at level 1 was 50 cm 2 (range 8-267 cm 2 ). The mean size of anterior hematomas was 37 cm 2 (range 4-263 cm 2 ), excluding hematomas of the ischiorectal fossa. Adding posterior hematomas at level 2 and anterior hematomas of the ischiorectal fossa did not contribute to changes in the diagnostic validity. Sensitivities of arterial blush and hematoma on CT for AIs in the corresponding segment were 0.38 (95% CI 0.22-0.55) and 0.82 (95% CI 0.70-0.95) posteriorly, and 0.24 (95% CI 0.10-0.39) and 0.82 (95% CI 0.69-0.95) anteriorly. Specificities of arterial blush and hematoma on CT for AIs in the corresponding segment were 0.96 (95% CI 0.92-1.0) and 0.58 (95% CI 0.48-0.69) posteriorly, and 0.79 (95% CI 0.69-0.88) and 0.53 (95% CI 0.42-0.64) anteriorly. ROC analysis of hematomas calculated an AUC of 0.79 (95% CI 0.70-0.89) posteriorly ( Fig. 2C ) and 0.75 (95% CI 0.64-0.85) anteriorly (Fig. 2D ). In this group of 56 patients who underwent both PPR and CTA, ROC analysis of the diagnostic performance of PPR revealed an AUC of 0.81 (95% CI 0.70-0.89) posteriorly and 0.71 (95% CI 0.61-0.81) anteriorly.
Side location of AI related to PPR and CT
Angiography revealed 54 right AIs (57%) and 43 left AIs (45%). Sensitivities of fracture on PPR, and arterial blush and hematoma on CT for ipsilateral AI on angiography were 0.98 (95% CI 0.95-1.0), 0.36 (95% CI 0.23-0.48), and 0.97 (95% CI 0.92-1.0), respectively. Specifi cities were 0.36 (95% CI 0.29-0.45), 0.76 (95% CI 0.64-0.87), and 0.28 (95% CI 0.15-0.40), respectively. The numbers of true-and false-positive and -negative fi ndings are presented in Table 3 .
Discussion
Hemodynamically compromised trauma patients referred to angiography because of suspected pelvic bleeding are a major challenge for the IR. The main goal is to detect and stop ongoing bleeding as soon as possible by angiographic embolization. A diagnostic tool that can lead the IR directly to the site of AI could shorten the time of ongoing bleeding and thereby stabilize the patient more rapidly. In this study, we used PPR and CT as indicators of AI. We found that the presence of fractures in one quadrant predicted AI in the corresponding segment of the IIA at angiography. The same correlation applied for presence of hematomas on CT. Using empirical cut-off values for anterior and posterior fracture displacements on PPR and area of hematomas on CT, this correlation appeared stronger because of a higher specifi city. The absence of fractures and hematomas on one side virtually excluded AI on the ipsilateral side because of the high sensitivities of these fi ndings. Arterial blush on CT showed a slightly different diagnostic performance: its presence was helpful in the posterior pelvis, but no correlations were found between anterior arterial blush and corresponding AI.
The present study proposes a straightforward approach to review PPR and CT for location of the suspected AI. The pelvis was divided into posterior and anterior quadrants (PPR) to predict the corresponding injured arterial segments of the IIA on angiography. In patients who underwent contrast-enhanced CT prior to angiography, arterial blush and hematoma were used as indicators of AI. This semi-specific approach was chosen because there is less variation in the anatomy of the anterior and posterior trunk of the IAA than when single arteries are identified.
We found low specificity for presence and absence of any fracture in one quadrant, both posteriorly and anteriorly. Several studies indicate that only a minority of patients with pelvis fracture suffer from AIs (11, (29) (30) (31) . The high number of false-positive findings is obviously caused by many fractures with minor displacements that do not damage the arterial vessel by ligament disruption or fractured bone elements (32). Therefore, we looked subsequently at the sum of fracture displacements in every quadrant in order to obtain a more specific indicator for AI. A specificity of 0.85 was considered as reasonable for decision making. Thereby, we found that displacement could predict AI in the corresponding vessel segment with moderate probability at a cut-off >19 mm anteriorly (positive likelihood ratio [LR + ] 1.7) and at a cut-off > 9 mm posteriorly (LR + 3.7) ( Fig. 3A-D) .
Little is known about the role of PPR in predicting the location of arterial injury after pelvic trauma. A few studies have looked at the value of fracture site as a prognostic sign for pelvic arterial bleeding. NIWA et al.
(26) examined 40 hemodynamically unstable patients. They found high sensitivity and specificity both in the anterior quadrants (0.98 and 0.78) and in the posterior quadrants (0.78 and 1.0). Similar to our results, specificities were lower in the anterior quadrants. In this study, the fractures were divided into slight and obvious ones. Our results indicate that displacement of the fracture was a reproducible measurement and probably a better way to score the fractures. Another study demonstrated a specificity of 0.76 for posterior arterial bleeding in patients with unstable pelvic fractures (13). When applying their criteria for unstable fractures to our patient material, we obtained very similar results: 36 out of 55 patients (72%) had positive findings on angiography. Nevertheless, a cut-off >9 mm resulted in even higher specificity, without the need for looking at stability criteria.
Recently, a new digital trauma radiography device (Lodox Statscan) with full-body anterior and lateral view has been evaluated in trauma patients (32). The main advantage of this technique is the complete lowdose radiation coverage of chest, pelvis, and extremities within a couple of minutes. Reported sensitivity and specificity for pelvic injury were 0.72 and 1.0, respectively. The findings are interesting, and indicate the method to be more accurate than conventional radiography in predicting the site of AI.
In the present study, contrast-enhanced CT was available in 56 patients. The overall presence and absence of hematoma in the posterior and anterior areas at CT had low specificities. However, the presence of arterial blush on CT had high specificity in the posterior pelvis (0.96). This finding is comparable to other studies on contrast extravasation on CT as a sign for AIs with specificities of 0.85-0.99 (17, 33, 34) . Since many of our patients did not show arterial blush on CT, we looked at the size of hematoma area as an alternative sign for AI. When the sum of hematomas in one area exceeded 22 cm 2 posteriorly or 29 cm 2 anteriorly, AIs in the corresponding vessels were more likely. A study from 2002 used a similar approach by comparing location of hematoma with angiographic findings in 104 patients with pelvic fractures (28). For AIs of the anterior divisions, they found high specificities (0.93-0.94) and sensitivities that were lower than in the present study (0.24-0.27) . For hematomas at the sciatic notch that correlated with our gluteal region at level 1, specificities were slightly lower (0.75-0.74), whereas sensitivities were in the same range (0.54-0.56). In our patient group, their empiric cut-off at 10 cm 2 would result in lower specificities of 0.57 anteriorly and 0.73 posteriorly, and slightly higher sensitivities of 0.76 and 0.77, respectively. The difference in optimal hematoma size might partially be explained by different measuring methods. SHERIDAN et al. did not use the ellipsoid formula for calculating the square area, but used a dedicated software program. Thereby, they probably reached a more precise size of the hematoma. The ellipsoid formula, on the other hand, can easily be used in the acute setting without the use of additional software. Like SHERIDAN et al. (28), we could not find any diagnostic value of presacral hematomas at level 2, indicating that large presacral hematomas predominantly occur from injuries to the presacral veins.
In our study, PPR and CT were surprisingly similar in their ability to prognosticate an AI, as demonstrated by overlapping confidence intervals between the presence of fractures on PPR versus presence of hematomas on CT. ROC analysis of the subgroup of 56 patients who presented with both modalities showed that the AUCs were almost identical for CT and PPR. In fact, although the diagnostic performance of PPR for identifying and characterizing fractures is clearly inferior to CT (9, 18), PPR is a useful tool for the interventional radiologist when performing target-oriented angiography and embolization.
There are some limitations in our study. The size of the hematomas was measured in square rather than volume as performed by SHERIDAN et al. and BLACKMORE et al. (28, 35) . Volume measurement may be more accurate, but measurement of square is more practical in daily routine. Also, we did not perform blinded double Fig. 3. A. An 18-year-old car driver who crashed into a concrete wall. PPR revealed a bilateral sacrum fracture (white and black arrowheads), a leftsided iliac wing fracture (black asterisk), and a straddle fracture (white and black arrows). In the right posterior quadrant, the total sum of fracture displacements exceeds the cut-off value for predicting a left posterior AI (>9 mm). The patient was packed in the pelvis and underwent abdominal CT prior to angiography. B. CT reveals hematoma of 30 cm 2 in the left pelvic sidewall area at level 1. C. CT reveals hematoma in the left presacral area at level 1 of 22 cm 2 . The size of the hematoma in the left posterior area was 33 cm 2 , which was the sum of the two hematomas minus the normal size of contralateral muscle tissue, predicting AI in the left posterior area. D. Selective angiography of the left internal iliac artery shows extravasation from the left posterior segment, a branch of the left superior gluteal artery (white arrow heads). No AI was found in the left anterior segment. E. Selective angiography of the right internal iliac artery. No AI was found in the right segments. reading of the PPR, but consensus reading between radiologist and orthopedic surgeon, reflecting the trauma scenario in daily work. Another factor that might contribute to reduced specificity both for PPR and CT is the classification of fracture and hematoma into anterior and posterior portions. The arterial tree of the IIA varies and, particularly in the presacral region, the courses of posterior and anterior branches are very close. Therefore, fractures located in the posterior quadrants, i.e., posterior to the pelvic inlet diameter, might affect the anterior portion of IAA and vice versa, and hematoma located in the posterior area can emerge from anterior AIs and vice versa.
In conclusion, our study showed that CT findings of arterial blush and hematoma predicted the site of arterial bleeding evaluated by pelvic angiography. CT was superior to PPR when arterial blush indicated bleeding in the posterior arterial segments. In the absence of arterial blush, posterior hematomas >22 cm 2 and anterior hematomas >29cm 2 on CT predicted AI with moderatehigh specificity. Also, PPR predicted the site of bleeding using fracture displacement >0.9 cm posteriorly and >1.9 cm anteriorly with comparable specificity. In the acute setting, when CT may not be available, the information gained from a PPR may be sufficient to guide the interventional radiologist to a more rapid embolization.
